Cardiac fibrosis is a pathological consequence of radiation-induced fibroblast proliferation and fibroblast-to-myofibroblast transition (FMT). Mesenchymal stem cell (MSC) transplantation has been revealed to be an effective treatment strategy to inhibit cardiac fibrosis. We identified a novel MSC-driven mechanism that inhibited cardiac fibrosis, via the regulation of multiple fibrogenic pathways. Hypoxia pre-conditioned MSCs (MSCs Hypoxia ) were co-cultured with fibroblasts using a Transwell system. Radiation-induced fibroblast proliferation was assessed using an MTT assay, and FMT was confirmed by assessing the mRNA levels of various markers of fibrosis, including type I collagen (Col1) and alpha smooth muscle actin (α-SMA). α-SMA expression was also confirmed via immunocytochemistry. The expression levels of Smad7 and Smad3 were detected by western blotting, and Smad7 was silenced using small interfering RNAs. The levels of oxidative stress following radiation were assessed by the detection of reactive oxygen species (ROS) and the activity of superoxide dismutase (SOD), malondialdehyde (MDA), and 4-hydroxynonenal (HNE). It was revealed that co-culturing with MSCs Hypoxia could inhibit fibroblast proliferation and FMT. In addition, the present results indicated that MSCs are necessary and sufficient for the inhibition of fibroblast proliferation and FMT by functionally targeting TGF-β1/Smad7/Smad3 signaling via the release of hepatocyte growth factor (HGF). Furthermore, it was observed that MSCs inhibited fibrosis by modulating oxidative stress. Co-culturing with MSCs Hypoxia alleviated fibroblast proliferation and FMT via the TGF-β1/Smad7/Smad3 pathway. MSCs may represent a novel therapeutic approach for the treatment of radiation-related cardiac fibrosis.
Introduction
Epidemiological studies have revealed an increased risk of cardiovascular disease associated with high local doses of ionizing radiation to the heart. This can be observed in patients who have received thoracic radiotherapy treatment for breast cancer, Hodgkin's disease, or childhood cancers (1, 2) . A significant increase in mortality from cardiovascular disease has been reported among patients treated by radiotherapy (3, 4) . Typically, cardiac symptoms appear late, sometimes decades after exposure to radiation, and include increased infiltration of inflammatory cells and fibrosis of the myocardium, especially after receiving high radiation doses (5) . In addition to vascular abnormalities, recent studies have emphasized cardiac fibrosis as a major causal factor for radiation-induced heart disease (6) , a condition that is accompanied by an accumulation of fibroblasts and fibroblast-to-myofibroblast transition (FMT) (7) .
One area of interest is the potential for mesenchymal stem cells (MSCs) to repair injured cardiac tissue. MSCs possess the capacity for self-renewal, multipotency, and cytokine secretion (8, 9) , characteristics which render them ideal for tissue repair or regeneration applications (10, 11) . Recent studies have indicated that MSCs could potentially exert anti-fibrotic effects in the context of cardiac disease, which may allow for repair of the damaged myocardium (12) . Previous studies have revealed that MSCs pre-treated with hypoxia secrete a variety of cytokines such as vascular endothelial growth factor, hepatocyte growth factor (HGF), basic fibroblast growth factor, interleukin-10, as well as others, which act to inhibit cardiac fibrosis (13, 14) .
TGF-β is considered a 'master' cytokine/growth factor produced within injured or diseased tissues, where it activates fibroblasts and facilitates the production of extracellular matrix (ECM), leading to tissue fibrosis (15) . TGF-β binds a heterodimeric receptor in the plasma membrane consisting of the TGF-β type I and type II half-receptors, which together induce phosphorylation of Smad3 transcription factors in the canonical signaling pathway (16) . Smad7 acts as an inhibitor of TGF-β signaling by interacting with the TGF-β type I receptor, preventing the phosphorylation and activation of Smad3 (17) . It has been reported that Smad7 can block TGF-β-induced fibroblast accumulation, inhibiting FMT, which can further inhibit fibrosis (18) .
The pathogenesis of cardiac fibrosis involves alterations in the cellular and neuro-humoral environments, leading to changes in fibroblast activity and ECM turnover (19, 20) . The oxidative stress that is induced by radiation is further increased in response to mechanical and metabolic stress, triggering increased activation and proliferation of fibroblasts, which in turn leads to tissue fibrosis (21, 22) . Notably, abundant data have revealed that MSCs have a strong capacity to suppress oxidative stress, leading to an inhibition of cardiac fibrosis and protective effects (23) .
Based on the aforementioned observation, it was hypothesized that hypoxia pre-conditioned MSCs would be superior to MSCs or hypoxia in isolation in inhibiting radiation-induced cardiac fibrosis.
Materials and methods
Cell culture. Normal human cardiac fibroblasts (HCFs) were purchased from Cell Applications, Inc. Fibroblasts were maintained in low glucose Dulbecco's modified Eagle's media (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin (Beyotime Institute of Biotechnology), and 100 µg/ml streptomycin (Life Technologies; Thermo Fisher Scientific, Inc.).
Bone marrow-derived human MSCs (BM-hMSCs) were purchased from ATCC, and seeded at 5,000 cells/cm 2 in DMEM-F12 growth media with 1% Glutamax (Sigma-Aldrich; Merck KGaA) and 1% penicillin-streptomycin, and were grown to 80-85% confluency.
Cell treatment. In order to induce radiation exposure, 1x10 5 fibroblasts grown in 6-well plates were irradiated in a 15x15 cm 2 square field with 5 Gy (6-MeV electron rays; current, 6 A; dose rate, 2 Gy/min) (X RAD 225; PRECISION X-ray, Inc.).
A Transwell system was used to prevent direct contact between hMSCs and HCFs. hMSCs and HCFs were placed in the upper and lower layers of the Transwell plate, respectively, at a density of 1x10 6 cells/well. Hypoxia pre-conditioning was performed by incubating MSCs for 30 min in serum-free media in a controlled atmosphere (anaerobic chamber) glove box (855-AC; Plas Labs, Inc.) to scavenge for free oxygen.
To block the HGF function, we used anti-HGF antibody to neutralize the HGF. The anti-HGF antibody was added one hour before cell treatment, and this antibody was purchased from Sigma Aldrich; Merck KGaA (product no. H0652).
Cell proliferation assay. Fibroblast proliferation was determined using an MTT Cell Proliferation Assay kit (ATCC) according to the manufacturer's instructions. Briefly, 300 µl of MTT reagent was added to each well (1x10 5 cells) 3 h prior to harvesting. Absorbance at 540 nm was recorded using an enzyme-linked immunosorbent assay (ELISA) plate reader. Three repeats were performed.
Quantitative reverse transcription polymerase chain reaction (qRT-PCR). Total RNA was isolated from cardiac fibroblasts with TRIzol (Ambion; ThermoFisher Scientific, Inc.). An ultraviolet spectrophotometer was used to quantify the RNA. cDNA was synthesized from 1 µg of total RNA using Superscript II reverse transcriptase (Invitrogen), as per the manufacturer's protocol. The qPCR was carried out using the Fast Start universal SYBR Master and a fluorescence quantitative PCR system. RT-PCR was conducted as previously described (24) . The relative expression levels were calculated with the 2 -∆∆Cq method (25) , using GAPDH as the internal control. Primer sets (Invitrogen; ThermoFisher Scientific, Inc.) used are listed in Table I .
Western blot analysis. Cardiac fibroblasts were lysed with ice-cold lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) to obtain total protein. Protein samples (20 µg) were quantified using BCA Protein Assay kit, and separated by 10% SDS-PAGE, and then the proteins were transferred to polyvinylidene difluoride membranes (EMD Millipore). Then, the membranes were blocked with 5% milk in Tris-buffered saline, followed by incubation with the appropriate primary antibodies: Smad7 (1:1,000; product code ab90086; Abcam); Smad3 (1:1,000; product no. 9513); p-Smad3 (1:1,000; product no. 9520); and β-actin, (1:2,000; product no. 4970; all from CST) overnight at 4˚C. Membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies (1:2,000 dilution; cat. no. 7074; from Cell Signaling Technology, Danvers, MA, uSA), and developed using High Sensitivity ECL Substrate kit (product code ab133406; Abcam). The stained protein bands were visualized using Bio-Rad ChemiDoc XRS equipment, and quantified and analyzed using Quantity One software. Three repeats were performed.
Immunofluorescence. After treatment, cardiac fibroblasts were seeded in cell culture dishes, fixed in 4% paraformaldehyde, and permeabilized with 0.1% Triton X-100, followed by blocking in 3% bovine serum albumin (BSA), washed by phosphate-buffered saline (PBS). They were then immunolabeled with specific primary antibodies [alpha smooth muscle actin (α-SMA); 1:200; product code ab32575; Abcam] overnight at 4˚C. After rinsing, the cells were incubated with the corresponding FITC-conjugated secondary antibodies (1:250) (product code ab7086; Abcam) in 1% BSA for 1 h at 37˚C. Nuclei were stained with DAPI for 5 min at room temperature. Fluorescence was detected under a fluorescence microscope.
ELISA. The concentration of HGF in the supernatant was determined using an HGF Human ELISA kit (Abcam). Samples from each group (groups as follows: Control; Radiation; Radiation + MSCs Hypoxia ; Radiation + MSCs Normoxia ) were collected in sterile tubes and centrifuged at 1,500 x g for 15 min to obtain supernatants. The supernatants were analyzed according to the manufacturer's instructions.
Small interfering (si)RNA transfection. siRNAs were used to knock down Smad7 in fibroblasts. A non-targeting siRNA was used as a negative control (Invitrogen; ThermoFisher Scientific, Inc.). The target sequences were as follows: Smad7, GCA GCC TAA CCA GAC CTT T; Control, AAC CTG CGG GAA GAA GTG G. Transfection efficiency was detected by western blotting.
Microarray. Cardiac fibroblasts irradiated were immediately lysed in 500 µl TRIzol (Thermo Fisher Scientific, Inc.) and stored at -80˚C before purification by a standard phenolchloroform extraction protocol using the RNAqueous Micro kit (Thermo Fisher Scientific, Inc.). The transcriptome was analyzed by microarray using an Affymetrix human array (Thermo Fisher Scientific, Inc.) and normalized based upon quantiles.
Measurement of reactive oxygen species (ROS) production.
Cells were detached from culture plates using 0.25% trypsin-EDTA, collected in 5-ml round-bottom polystyrene tubes, and washed with 1X Wash Buffer (PBS). The cell suspension was centrifuged for 5 min at 400 x g at room temperature, and the supernatant was discarded. The cell pellet was resuspended in 500 µl of ROS/Superoxide Detection Solution. Cells were incubated for 30 min at 37˚C in the dark. Data were acquired on a FACScan instrument (BD Biosciences) and analyzed using CellQuest software (BD Biosciences).
Superoxide dismutase (SOD) activity. SOD activity in cells was determined using a colorimetric assay kit (Abcam), according to the manufacturer's instructions. Briefly, protein was isolated from cells using lysis buffer (supplied by the kit), and SOD activity was measured using 10 µg of total protein extract. Absorbance was measured at 450 nm.
Lipid peroxidation assay. Lipid peroxidation was measured using an assay kit (Abcam) that measures the formation of malondialdehyde (MDA), according to the manufacturer's instructions. Briefly, fibroblasts (1x10 6 cells) were homogenized on ice in 300 µl of MDA lysis buffer (containing 3 µl of 100X butylated hydroxytoluene, supplied by the kit), then centrifuged (13,000 x g for 10 min) to remove insoluble material. The supernatant (200 µl) was added to 600 µl of thiobarbituric acid and incubated at 95˚C for 60 min. Samples were then cooled to room temperature in an ice bath for 10 min, and the absorbance at 532 nm was measured on a spectrophotometer.
Determination of 4-hydroxynonenal (4-HNE) levels. The level of 4-HNE was evaluated using commercially available Lipid Peroxidation (4-HNE) Assay kit (product code ab238538), according to the manufacturer's instructions.
Statistical analysis. Data are expressed as the mean ± standard deviation (SD). Differences between groups were tested using a one-way analysis of variance followed by Tukey's multiple comparisons test, and comparisons between two groups were evaluated using a Student's t-test. Analyses were performed using the SPSS package v19.0 (SPSS, Inc.). P<0.05 was considered to indicate a statistically significant difference.
Results

Effects of hypoxia-treated MSCs (MSCs Hypoxia ) on radiation-induced fibroblast proliferation and FMT.
Proliferating fibroblasts and FMT-derived myofibroblasts are the major source of collagen and other ECM proteins during pathological matrix remodeling (26) . When irradiated fibroblasts were co-cultured with MSCs Hypoxia , fibroblasts exhibited a lower proliferation rates compared to those that were not exposed to MSCs. Additionally, normoxia-conditioned MSCs (MSCs Normoxia ) resulted in no inhibition of fibroblast proliferation, compared with the radiation group (Fig. 1A) .
In order to investigate whether MSCs Hypoxia inhibited FMT, the mRNA levels of various markers of fibrosis including type I collagen (Col1) and α-SMA were measured. It was revealed that irradiated fibroblasts exhibited a significant increase in the levels of Col1 and α-SMA mRNA, whereas co-culturing with MSCs Hypoxia reversed this increase ( Fig. 1B  and C ). In addition, fluorescence staining revealed increased α-SMA staining in irradiated fibroblasts compared to those co-cultured with MSCs Hypoxia . No increase in α-SMA expression was observed in irradiated fibroblasts co-cultured with MSCs Normoxia (Fig. 1D ).
Involvement of HGF in MSC Hypoxia -driven inhibition of irradiation-induced fibroblast proliferation and FMT. Since
MSCs obtain cytoprotection through their paracrine function, it was explored whether paracrine signaling was involved in the observed anti-fibrotic effects of MSCs Hypoxia . An ELISA was conducted to examine the release of HGF, and the results revealed that MSCs Hypoxia released more HGF compared to MSCs Normoxia ( Fig. 2A) . However, the levels of HGF mRNA did not differ between fibroblasts co-cultured with MSCs Hypoxia and those co-cultured with MSCs Normoxia (Fig. 2B) .
To confirm whether MSC-derived HGF inhibited fibroblast proliferation and radiation-induced FMT, a neutralizing HGF antibody was used to neutralize the HGF protein. As revealed in Fig. 2C , radiation induced the proliferation of fibroblasts, and co-culturing with MSCs Hypoxia decreased their proliferation. The addition of the anti-HGF antibody diminished the inhibitory effect of MSCs Hypoxia on fibroblast proliferation. Moreover, the ability of MSCs Hypoxia co-culture to reduce the radiation-induced increase in of Col1 and α-SMA mRNA levels was also impaired by the addition of the anti-HGF antibody ( Fig. 2D and E) . Additionally, the anti-HGF antibody abolished the inhibitory effect of MSCs Hypoxia on α-SMA protein expression in fibroblasts (Fig. 2F ).
Identification of TGF-β1 as a modulator of radiation-induced fibroblast proliferation and FMT. Microarray analysis was conducted to compare gene expression between fibroblasts treated or not treated with radiation ( Fig. 3A) . Genes with a ≥1.5-fold increase in expression were considered upregulated. It was revealed that TGF-β1 expression was increased upon exposure to radiation. Co-culture with MSCs Hypoxia decreased the radiation-induced expression of TGF-β1, while the addition of the anti-HGF antibody increased the expression of TGF-β1 ( Fig. 3B) .
To investigate the effect of TGF-β1 on radiation-induced fibroblast proliferation and FMT, recombinant TGF-β1 was added to fibroblasts co-cultured with MSCs Hypoxia . The addition of recombinant TGF-β1 not only led to a recovery of the impaired fibroblast proliferation induced by the MSCs Hypoxia (Fig. 3C) , but also increased the mRNA levels of Col1 and α-SMA, which were inhibited by co-culture with MSCs Hypoxia (Fig. 3D and E) .
Co-culturing with MSCs Hypoxia f unctionally targets TGF-β1/Smad signaling to inhibit fibroblast proliferation and
FMT. TGF-β1/Smad signaling is a key pathway involved in FMT and fibrosis (27) . Therefore, whether co-culturing with MSCs Hypoxia inhibited TGF-β1/Smad signaling to block FMT in fibroblasts, was investigated. As revealed in Fig. 4A -D, radiation was associated with a decrease in Smad7 levels and an increase in p-Smad3 levels in fibroblasts. Moreover, co-culturing with MSCs Hypoxia prevented the radiation-induced decrease in Smad7 levels, and inhibited the increase in p-Smad3 levels, in fibroblasts. The addition of the anti-HGF antibody or recombinant TGF-β1 impaired the inhibition of MSCs Hypoxia on TGF-β-induced phospho-Smad3, and impaired the expression of Smad7. To further confirm the role of TGF-β1/Smad signaling in FMT, fibroblasts were transfected with siRNA-Smad7 or a non-targeting RNA as control. As revealed in Fig. 4E and F, fibroblasts that received siRNA-Smad7 exhibited decreased expression of the Smad7 protein, as assessed by western blotting. Functionally, silencing of Smad7 reversed the inhibitory effect of MSCs Hypoxia on fibroblast proliferation (Fig. 5A ) and on the mRNA levels of Col1 and α-SMA ( Fig. 5B and C) . As revealed in Fig. 5D , fibroblasts with silenced Smad7 that were co-cultured with MSCs Hypoxia still exhibited strong expression of the α-SMA protein, as assessed by immunofluorescence, indicating that TGF-β1/Smad signaling is a key pathway involved in FMT and fibrosis.
MSC Hypoxia co-culturing attenuates radiation-induced oxidative stress in fibroblasts. Oxidative stress drives the progression of FMT (28) . A marked increase in the generation of ROS ( Fig. 6A and B) , reduced SOD activity (Fig. 6C) , and increased levels of lipid peroxides (MDA and 4-HNE; Fig. 6D and E) were observed in radiation-treated fibroblasts. However, these changes were attenuated when fibroblasts were co-cultured with MSCs Hypoxia . The attenuation of oxidative stress induced by MSCs Hypoxia was significantly suppressed when fibroblasts were treated with the anti-HGF antibody, recombinant TGF-β1, or siRNA-Smad7.
Discussion
Radiation therapy, used during treatment for various types of cancer, is associated with an increased and dose-dependent risk of delayed-onset heart disease (29) . The earliest data associating radiation and heart disease originated from studies of long-term patient outcomes after radiotherapy treatment for malignant cancers (3, 30) . In these types of treatments, the local radiation doses to some regions of the heart can exceed 40 Gy (31), which results in cardiac damage and different pathologies, primarily fibrosis of the pericardium and myocardium (32) . Radiation-related myocardial fibrosis is often asymptomatic and diagnosed relatively late (33) . It is characterized by a proliferation of fibroblasts and FMT, which involves the activation of fibroblasts and a transition to α-SMA-expressing myofibroblasts, which produce an excessive amount of ECM, leading to tissue fibrosis (34) . The results of the present study revealed that radiation-induced fibroblasts proliferate and undergo FMT.
MSCs exhibited great potential in treating cardiac damages, even without any pre-treatment. In the 2009, Hare et al provided pivotal safety and provisional efficacy data for an allogeneic bone marrow-derived stem cell without any treatment within post-infarction patients (35) . It has been theorized that MSCs reduce cardiac fibrosis largely through paracrine signaling mechanisms (36, 37) , such as via the inhibition of the TGF-β-induced transformation of fibroblast cells into myofibroblasts, which protects against cardiac damage (38) . Hypoxia pre-conditioned MSCs have been revealed to have an increase in paracrine signaling (39) , which increases protection against irradiation-induced damage (40) . In the present study, it was revealed that co-culturing with MSCs Hypoxia inhibited the proliferation of fibroblasts and inhibited their radiation-induced transformation into myofibroblasts via paracrine signaling, in an HGF-dependent manner. It was also revealed that the addition of anti-HGF antibody diminished the anti-fibrotic effect of MSCs Hypoxia , confirming the important role of paracrine HGF signaling in limiting radiation-related fibrosis.
Enhanced levels of TGF-β1 are involved in radiation-induced cardiac fibrosis, a condition characterized by excess fibroblast proliferation and a deposition of collagen fibers (41) . In line with these observations, the present study revealed a significant increase in TGF-β1 expression induced by radiation, while MSCs Hypoxia inhibited the expression of TGF-β1. The activation of TGF-β has been predicted using both transcriptomics and proteomic data sets (15) . TGF-β signaling is able to initiate the canonical SMAD transduction pathway, leading to fibrosis (42) . Smad7, an inhibitory Smad, inhibits the activation of Smad2 and Smad3 in response to TGF-β activation. Herein, it was demonstrated that co-culturing with MSCs Hypoxia induced the expression of Smad7, which was inhibited by radiation, while impairing the radiation-induced phosphorylation of Smad3, indicating that the TGF-β/Smad pathway acts to modulate MSC inhibition of radiation-induced fibrosis.
Previous studies have proposed many complex molecular events which lead to the development of radiation-induced cardiac damage (43) . Among all these events, radiation-induced oxidative stress and the associated inflammatory responses are likely the key signaling cascades leading to cardiac damage (44, 45) . Radiation leads to a significant reduction in the levels of antioxidant enzymes such as SOD, and an increase in 4-HNE adducts, which leads to cardiac fibrosis (46) . Radiation-induced ROS generation activates MDA and promotes 4-HNE generation, which is accompanied by an inhibition of SOD. The present results revealed that MSC Hypoxia treatment was able to attenuate oxidative stress. In addition, treatment with anti-HGF antibody, recombinant TGF-β1 or siRNA-Smad7 abolished the antioxidant effect of MSCs Hypoxia . While there were also some limitations, in the following research, in future, whether hypoxia precondition improves the treatment effect of MSCs in radiation-induced cardiac fibrosis in vivo will be investigated.
In conclusion, in the present study, it was revealed that radiation-induced fibroblast proliferation and FMT were attenuated by co-culturing with MSCs Hypoxia . In addition, Figure 5 . Co-culturing with MSCs Hypoxia functionally targets Smads downstream of TGF-β1 to reduce fibroblast proliferation and FMT. Fibroblasts were transfected with siRNA against Smad7, or with siRNA-NT as a control, followed by co-culture with MSCs Hypoxia in the presence of radiation. In parallel experiments, fibroblasts were treated with radiation, or co-cultured with MSCs Hypoxia in the presence of radiation. Fibroblasts under normal culture conditions were used as the control. (A) Proliferation growth curves as determined using an MTT assay. (B and C) Col1 and α-SMA mRNA levels as analyzed by RT-qPCR. (D) Expression of α-SMA as measured by immunofluorescence staining. Each column represents the mean ± SD from three independent experiments; * P<0.05 vs. the Control; ▲ P<0.05 vs. Radiation; ○ P<0.05 vs. Radiation + MSCs Hypoxia + siRNA-Smad7. MSCs, mesenchymal stem cells; FMT, fibroblast-to-myofibroblast transition; Col1, type I collagen; α-SMA, α-smooth muscle actin.
the results revealed that MSCs Hypoxia exert anti-fibrotic and radio-protective effects by regulating the TGF-β/Smad signaling pathway, and inhibiting oxidative stress via paracrine pathways. The present study provides evidence that MSCs may be a promising candidate for the treatment of radiation-related cardiac fibrosis. 
